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Method Summary 
We meshed the 3-D slab geometry underneath Central Mexico (S1) and made a direct 2-
D profile from the source to the receiver so that it directly mimics the slab geometry 
between the source and receiver. We numerically propagate the wavefield using a 2D 
finite-difference scheme (S2) from the source to the receiver. We set the background 
velocity in the mantle at 8.0 km/s for P wave and 4.5 km/s for S wave, respectively (Fig. 
S11A).  We assume that the S wave and P wave velocity of the slab are 6% and 3% faster 
than the background velocity, respectively. In addition, we also include a 1-D basin 
structure directly below the station UNM located in the Mexico Valley (S3). Such a slow 
structure underneath the receiver only changes the particle motion of the P wave from 
linear into semi-elliptical (S4), but it does not introduce the anomalous pulse shown in the 
data. The assumption that seismicity defined slab surface interface is not strictly valid 
particularly if these events are within the slab. In our modelling, we slightly adjust the 
depth and the angle of the slab surface, which can be constrained by the timing of the 
converted SP wave (Fig. S11B). Typically, we have to decrease the dip of the slab near 
the source by 6° to explain data from events near Guerrero, which is consistent with 
recent receiver function analysis (S5). The source depth is checked against the teleseismic 
pP and sP waves. Uncertainties in the earthquake focal mechanism, location and velocity 
directly above the USL can slightly modify our estimate on the USL (Fig. S11C-E). The 
USL with dlnVs/dlnVp of 2 is consistent with the data, but less well constrained due to 
uncertainties in the velocity directly above the USL (Fig. S11F). Because the SP wave is 
primarily sensitive to the S wave velocity anomaly, we summarize our model 
emphasizing S velocity of the USL and its layer thickness. 
 
 
Discussions on the permeability near the top of the slab 
This interpretation relies on the presence of a low permeability layer that seals the 
HPFP layer directly below it, as well as a permeability increase near the 450°C isotherm 
where the HPFP layer disappears. While intrinsic permeability is grain-size dependent 
(S6), the fluid flow also depends on the hydraulic gradient and the fluid generation 
process. We speculate that fine-grained blueschist in the subducting crust is intrinsically 
less permeable than the coarse-grained eclogite that forms near 450°C at depths near 40-
50 km. Reduction in grain size induced by shear along the plate interface (S7) could 
effectively seal fluids to form the HPFP where blueschist is present. Dehydration reaction 
can locally increase the hydraulic gradient near the phase transition and facilitate the flow 
movement. Continental mantle is typically well serpentinized relative to the continental 
crust near the wedge corner (S8) (see also velocity profile in Fig. S11A). It is possible 
that changes from low to high permeability across the continental Moho also contributes 
to the termination of the HPFP and the occurrence of the NVT. 
 
 
 
 
 
 
 
 
 A working model of for the spatial-temporal variation in seismicity and SSEs in 
southern Mexico 
The down-dip extent of the HPFP layer and its along-strike variation is probably a 
key to explain the duration and recurrence interval of the SSEs. While long-term along-
strike segmentation in the occurrences of great earthquakes exists (S9, S10), our result 
clearly demonstrates that the occurrences of the SSEs seem also persistent in time but 
spatially varying. However, spatial sampling of the HPFP layer is dictated by the 
locations of intra-slab events, which are not even along southern Mexico. We find almost 
no intra-slab events directly below the transition zone in the west Oaxaca (98º-99ºW, 
16.9º-17.4ºN, see also Fig. S10A) in the last 15 years or so when a few large thrust 
earthquakes occur. Instead, most intra-slab events are located below the transition zone 
where seismic gaps are present in the seismogenic zone (Fig. 1), similar to observations 
in other coupled subduction zones (S11). Furthermore, it has been suggested that intra-
slab events may trigger the SSEs in the transition zone and subsequently megathrust 
earthquake (S12, S13). We purpose a stress feedback system where megathrust 
earthquakes, intra-slab events and SSEs are linked (Fig. S10B). In such a system, 
temporal variation in the degree of coupling at the plate interface manifests in the 
occurrences of intra-slab earthquakes and SSEs and it may provide a way to monitor mid-
term seismic potential in subduction zones. Recurrent SSEs near Guerrero are likely to 
stress the seismic gap close to failure (S12). Our hypothesis suggests that SSEs do not 
currently exist beneath western Oaxaca, or are much smaller than the detection limit of 
current GPS instrumentation. New GPS instrumentation in western Oaxaca (S14) will 
help test this hypothesis. Currently, there is no evidence showing significant transient 
slow slip beneath western Oaxaca during the 2006-2007 slow slip event (S14). 
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Fig. S1 Robustness of observations.  (A) We compare P waveforms recorded by the 
MASE station MIXC and the nearby permanent GEOSCOPE station UNM from four 
different events, event M (060811, long: 101.061ºW, lat: 18.561ºN, depth: 60.1 km, mb = 
5.9) and its aftershock (event no. 34, see also Table S1), event A (051214, long: 
100.97ºW, lat: 18.661ºN, depth: 81.9 km, mb = 5.0) and event No. 31 (see also Table S1). 
See caption of Fig, 1 for details. (B) The redundancy of these waveforms indicates that 
our observations are robust and are not due to the complexity of the earthquakes or 
instrumentation. (C) P waves from event 16, 22 and 30 recorded at station UNM (from 
left to right). The data are displayed at different frequency band (0.01-4 Hz, 0.01-2 Hz, 
0.01-1 Hz, 0.01-0.6 Hz). We choose to model data at frequency band 0.01-0.6 Hz to 
enhance the coherency of the SP arrivals (pulse A and B) and to insure the uniformity of 
the modelling. 
 
2 1 0 1 2 3 4 5 6 7 8 9
Time (sec)
dVs = -50%
dVs = -40%
dVs = -30%
dVs = -20%
dVs = -10%
HUSL = 3 km
2 1 0 1 2 3 4 5 6 7 8 9
Time (sec)
HUSL = 12 km
HUSL = 10 km
HUSL =  8 km
HUSL =  6 km
HUSL =  3 km
dVs = -40%
2 1 0 1 2 3 4 5 6 7 8 9
Time (sec)
DLVL = 7 km
dVp = -11%
dVp = -9%
dVp = -7%
dVp = -5%
dVp = -3%
2 1 0 1 2 3 4 5 6 7 8 9
Time (sec)
dVp = -7%
HUSL = 11 km
HUSL = 9 km
HUSL = 7 km
HUSL = 5 km
HUSL = 3 km
A
B
USL
LVL
HUSL
DLVL
dVp
dVs dlnVs/dlnVp = 2
dlnVs/dlnVp = 2
----
---
Song et al., Supp. Figure 2
C BA
A B C
USL
LVL
P
S
BAC
C C
Fig. S2 Sensitivity tests on the thickness and S wave velocity reduction of the USL. The 
amplitude of the pulse A and pulse B increases with the velocity reduction of the USL, 
whereas the lag-time of the pulse B increases with the thickness of the USL, HUSL.The 
parameter space is explored by searching for synthetic waveforms that can match those 
presented in Fig. S1. In (A) and (B), we assume dlnVs/dlnVp = 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
USL
LVL
intra-slab event 
(depth = 60 km)
DUSL
DLVL
HLVL = DUSL + DUSL
DLVL
D
U
SL
d = 9 km d = 11 kmd = 7 kmd = 5 kmd = 3 km
d =  5 km
d =  7 km
d =  9 km
d =  11 km
d =  13 km
d = 1 km
HLV
L =
 12
 km
 
HLV
L =
 14
 km
 
HLV
L =
 16
 km
 
HLV
L =
 18
 km
 
HLV
L =
 20
 km
 
HLV
L =
 22
 km
 
HLV
L =
 10
 km
 
HLV
L =
 8 k
m 
HLV
L =
 6 k
m 
8 sec
HLVL
dVs = -39%, dlnVs/dlnVp = 2
dVp = -7 %, dlnVs/dlnVp = 2
Song et al., Supp. Figure 3
Fig. S3 We illustrate how the P wavetrain, including up-going SP converted arrival and 
down-going turning P arrival, varies with the location of the earthquake inside the LVL 
(top panel). Assuming HUSL= 3 km, we show how the waveforms vary with two model 
parameters, DUSL and DLVL. DUSL is the separation between the source and the USL and 
DLVL is the separation between the source and the bottom of the LVL, whereas HLVL is 
the thickness of the LVL. For a fixed DUSL, the amplitude of pulse C increases with DLVL. 
For a fixed DLVL, the timing and amplitude of pulse A and pulse B increase with DUSL. 
For a fixed HLVL, we observe small but recognizable interferences between SP arrivals 
and reflected P arrivals. Nearly all the blue waveforms displayed in Fig. 1 can be 
modelled from this library of synthetics. 
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Fig. S4 Comparison between data (black) and synthetics (red). In (A), data from event M 
recorded by the MASE are modelled using NEIC CMT solution (strike=88º, dip=29º, 
rake=-99º). Synthetics are computed with a USL of 3 km, velocity reduction dVs of -
39%.  In addition, the P wave reduction dVp of the LVL is -7%, whereas the thickness of 
the LVL is about 22 km. In (B), the synthetics are computed with a USL of 3 km, 
velocity reduction dVs of -20%. The LVL is identical to (A). X is the mean coefficient of 
cross-correlation between the data and synthetics. Although we model the first 6 secs P 
waveforms, our model predicts the data reasonably well after 6 secs. The energy arriving 
after 6 secs is generally weaker and it possibly bounces multiple times within the USL 
before converting to P wave and leaking out of the USL. In addition, converted wave 
from the continental Moho can also arrive at this later time window. In spite of this 
complexity, our model predicts the data satisfactorily.  In (C), we show that data from 
event M (see also Fig. S1A) recorded at MIXC are well modelled including later arrivals, 
which supports the validity of our model. Note the timing of sP wave is not well 
predicted probably because of lateral heterogeneities in the shallow continental crust. 
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Fig. S5 Comparison between data and synthetics. (A) event 10 (50 km, strike=116º, 
dip=83º, rake=-119º), (B) event 14 (52 km, strike=101º, dip=17º, rake=86º), (C) event 29 
(51 km, strike=134º, dip=38º, rake=96º), (D) event 13 (55 km, strike=289º, dip=34º, 
rake=-76º). The source depths of these events are relocated by the stacking teleseismic 
depth phases from Yellowknife array. We can model these events by including a USL of 
3 km with slightly different S velocity reduction dVs. In (A) and (C), dVs = -55%. In (B), 
dVs = -45%, In (D), dVs = -30%. A LVL of 13 km with dVp = -5% is also included in 
the modelling. In all cases, focal mechanisms are inverted from regional CMT as kindly 
provided by K. Singh at UNAM. Note dlnVs/dlnVp is fixed at 2. In general, a focal 
mechanism with predominantly 45º dip-slip component can reproduce the waveform, 
which is consistent with most of the focal mechanisms determined by the global centroid 
moment tensor. 
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Fig. S6 Modelling of P wavetrain of while circles for event 2 and event 4 (strike=129º, 
dip=50º, rake=142º)  (see also Fig. 1). Both events are located near Oaxaca. The USL 
with a velocity reduction dVs of -40% (2.7 km/s) do not reproduce the data well. These 
data are better explained by the USL with a velocity reduction dVs of -15% (3.8 km/s). 
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Fig. S7 Stacking of teleseismic short period data. Teleseismic short-period data recorded 
by the Yellowknife array in Canada are stacked to increase the signal-to-noise ratio. The 
stacking begins with the bottom trace YKB0 as trace 1 on the right. Trace 2 contains 
YKB0+YKB1. Trace 3 contains YKB0+YKB1+YKB2, etc. Record sections from event 
27 (west Guerrero), event 4 (Oaxaca) and event 9 (Guerrero) are shown in (A)-(C). The 
left panel displays the data before stacking and the right panel shows the stacking 
seismograms. All traces are aligned on the P wave and filtered between 0.5 Hz and 1 Hz. 
Depth phases such as pP and sP can be clearly identified. In particular, the sP is strong 
such that underside reflections from the USL are favourably excited for all three events. 
In (A), we do not observe sUSLP wave in the stacking seismograms from event 4 near 
Oaxaca, whereas in (B) and (C), the amplitude of sUSLP relative to sP increases from 
event 9 to event 27. Note predicted arrival times of depth phases pP and sP from Supp. 
Table1 are shown in green dashed line while red dashed lines indicate the timings 
consistent with the observed depth phases. 
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Fig. S8 Modelling broadband teleseismic waveforms containing underside reflection 
sUSLS wave at IRIS stations FFC and SDV displayed on the left. The energy arriving in 
the time window between the S wave and the depth phase sS recorded at station FFC is 
the underside reflections sUSLS from the USL. Data from event 31 and two larger events 
990621 (Mw=6.3, long=101.62º, lat=18.09ºN), 941210 (Mw=6.4, long=101.39ºW, 
lat=18.18ºN) are similar and they are consistent with model predictions as displayed. Its 
polarity is opposite to the depth phase sS wave due to a velocity reversal across the top of 
the USL. The USL model can also better explain the S wave data from a large event 
970522 (Mw=6.5, long=101.73ºW, lat=18.76ºN) recorded at station SDV.  
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Fig. S9: Temporal relationship between the USL and the slow-slip events (SSEs) (S15-
S18). Data between 99ºW and 102ºW near Guerrero are included to demonstrate that 
strong SP waves from the USL are not only observed during the SSEs, but also are 
observed before and after the SSEs. The grey zones indicate the occurrences of the SSEs. 
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Fig. S10: (A) Spatial-temporal variations in seismicity along southern Mexico. An 
enlarged map shows the mapped USL (HPFP layer) along with great earthquake slip 
zones and intra-slab events from global centroid moment tensor solution (with normal 
fault mechanism) and Engdahl catalog (depth > 35 km). The orange line depicts 
approximate down-dip limit of the transition zone where SSEs take place or are expected. 
Contours of slip patches for previous SSEs are shown in green lines. Note that no intra-
slab events beneath the transition zone have occurred in west Oaxaca (98°W-99ºW) 
(outlined by the white dotted line, where recent megathrust earthquakes are located. More 
frequent intra-slab events beneath the transition zone in Michoacan section (102ºW-
103ºW) have occurred in the period 10 years after previous megathrust earthquakes. 
Currently, no SSEs are reported in these segments. Both intra-slab events and SSEs are 
observed in Guerrero (100ºW-101ºW) where a seismic gap exists for more than 90 years.  
(B) A schematic map showing the working hypothesis for spatial-temporal variations in 
seismicity and SSEs along southern Mexico. We categorize southern Mexico based upon 
the lapse of time (T) after previous megathrust earthquake. When T is less than 
approximately 15 years, there are no intra-slab events beneath the transition zone 
possibly caused by a temporal decrease in plate coupling on the subduction zone interface 
and consequently a decrease in the extensional stress inside the slab (S11).  We 
hypothesize that afterslip in the transition zone likely prohibits the occurrences of the 
SSEs temporarily. While the stress continues accumulating on the subduction zone 
interface, the plate coupling increases so that the extensional stress inside the slab 
increases as well. At this stage, more frequent intra-slab earthquakes occur beneath the 
transition zone, but we hypothesize the episodic slow-slip on the transition zone is small 
due to limited plate coupling in the transition zone. For T longer than 25 years, the 
subduction zone interface is strongly coupled with some prominent coupling extending 
into the transition zone. There are frequent intra-slab earthquakes and we observe 
episodic slow slip in the transition zone. This hypothesis can be understood as a stress 
feedback system where megathrust earthquakes, intra-slab events and SSEs are linked 
(inset). Future GPS instrumentation will test its validity. 
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Fig. S11 (A) Slab geometry from event M to station PTRP (see also Fig. S1A for event 
locations). Distance is measured with respect to the source location. A depth-section of 
velocity structure near the source (green dashed line) is shown on the right. Note P wave 
velocity directly below the Moho is slow at 7.5 km/s and it is consistent with travel time 
analysis and waveform shape observed at the MASE array. Using a typical mantle 
velocity of 8.0 km/s produces a long period diffraction along the Moho, which is not 
observed in the data. A 30% serpentinization can explain this low seismic velocity and it 
is similar to the findings in Cascadia (S16). Note the slab geometry at deeper depth 
(below the receiver) is not well defined. 
(B) Sensitivity test on the dip angle of the slab. Left panel shows systematic time shift of 
the SP wave between the data and synthetics with slab dipping at about 14º near the 
source24. Synthetic SP wave arrives late relative to the observation at stations toward the 
south and arrives early relative to the observation at stations toward the north. With a 
shallower dip angle of about 8º, we can explain the timing of the SP wave very well 
shown on the right panel. 
(C) Sensitivity test on focal mechanism. We test sensitivity of P waveforms against 
strike, dip and rake for station PTRP (upper left panel) and station SAME (lower left 
panel). The synthetics are computed with a USL (3 km, dVs = -40%) and a LVL (22 km, 
dVp = -7%). On the right panel, Model A is constructed based upon USGS mechanism. 
Assuming uncertainty in the strike of 5º, we show that synthetics computed with such a 
focal mechanism is slightly different from that computed with the USGS mechanism 
(right panel). Using such a perturbed focal mechanism, model A1 is modified from model 
A to explain the data. It is very similar to the model A except with a slightly thicker LVL 
(24 km) and a slower USL (dVs =  -44%). It suggests that uncertainties in the focal 
mechanism do not change our model. We assume dlnVs/dlnVp = 2 in our calculation. 
 (D) Sensitivity test on earthquake mis-location. Moving the earthquake location ±10 km 
does not produce noticeable waveform difference.  
(E) Sensitivity test on dlnVs/dlnVp of the USL. Synthetics show that the converted SP 
converted wave does not have great sensitivity on the dlnVs/dlnVp of the USL, except 
for dlnVs/dlnVp = 1. 
 (F) Sensitivity test on the S wave velocity directly above the USL. Decreasing its 
velocity reduces the velocity contrast across the top of the USL and the amplitude of the 
converted SP wave from the top of the USL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S1: Earthquake source parameters.  
Event No. Time Long. (º) Lat. (º) Depth (km) Mb 
1 1994/02/23 -97.1601 18.0463 70 5.6 
2 1992/04/22 -96.5835 17.16 65.4 4.8 
3 1994/05/06 -98.0373 18.3536 68.5 5 
4 1999/12/27 -98.152 17.856 67.1 4.7 
5 1999/09/08 -98.305 17.637 68.3 4.5 
6 1999/12/14 -98.573 18.123 66.2 4.8 
7 2007/10/02 -98.7 17.57 52 4.7 
8 2000/07/21 -98.9699 18.29 66.2 5.4 
9 2003/11/19 -99.3765 18.0166 72.7 4.9 
10 1997/03/22 -99.526 17.302 76.3 4.7 
11 1994/10/29 -99.5025 17.5405 89.2 4.5 
12 1991/03/25 -99.8185 17.2076 53.4 4.6 
13 2005/05/26 -99.593 
(-99.97) 
18.219 
(17.94) 
93.2 
(58.0) 
4.7 
14 2007/04/13 -100.029 
(-100.31) 
17.453 
(17.135) 
52 
(34.0) 
5.4 
15 1991/04/27 -100.207 17.2378 58.9 4.6 
16 1997/07/19 -100.131 17.4711 71.9 4.6 
17 1997/05/08 -100.251 17.4628 63.3 5 
18 2004/10/28 -99.7908 18.4016 68.2 4.7 
19 1999/11/08 -100.54 17.397 52.2 4.7 
20 1993/07/29 -100.475 17.6242 66 5 
21 1998/08/05 -100.202 17.9912 70.6 4.6 
22 2002/12/10 -100.909 17.884 85.5 5.1 
23 2007/07/28 -100.84 
(-100.843) 
18.05 
(18.052) 
48 
(49) 
5.1 
24 2006/02/20 -100.754 
(-100.754) 
18.145 
(18.145) 
51.1 
(51) 
5.1 
25 1993/07/19 -100.46 18.3715 70.4 4.9 
26 2007/07/18 -101.14 
(-101.664) 
17.98 
(17.766) 
43 
(65) 
4.9 
27 2006/12/17 -101.314 
(-101.314) 
17.912 
(17.912) 
60.4 
(60) 
4.9 
28 1993/08/29 -100.597 18.421 87.9 4.8 
29 1992/02/12 -101.527 17.8911 51.3 5.1 
30 2002/05/12 -100.96 18.301 64.1 4.6 
31 1999/12/29 -101.49 18.24 66.7 5.9 
32 2003/05/16 -101.22 18.381 67.3 5 
33 1991/09/24 -100.945 18.5718 71.7 4.8 
34 2006/08/11 -101.175 
(-101.245) 
18.482 
(18.391) 
64.9 
(64) 
4.9 
35 1995/12/20 -101.068 18.5982 76.6 5.2 
36 2002/09/21 -101.259 18.523 60.9 5 
37 2002/01/02 -101.491   18.766 82.6 4.7 
38 2004/02/06 -102.526 18.506 83 5.0 
39 1992/06/01 -102.885 18.5874 76.6 4.7 
40 1991/08/23 -97.8121 16.6186 54.4 4.9 
*Earthquake source parameters are requested from IRIS event catalogue preferred 
location between 1990 and 2007. Source location from SSN local seismicity catalogue is 
included in the parenthesis when available. 
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